Age-related changes in tooth color have been described previously, however, the use of dental color for age estimation in forensic odontology has been limited due to the difficulty of measuring color objectively. This study presents an objective method for determining dental color to estimate the age of an individual.
Introduction
Tooth color measurement has attracted attention in the field of dentistry in recent years. Prosthodontic reconstruction requires that the porcelain match a patient's natural teeth or existing porcelain teeth. In addition, patients seek whitening treatments for cosmetic reasons. These are examples of situations that have created a need for research to investigate color issues in odontology [1] [2] [3] [4] [5] [6] [7] [8] .
Tooth color estimation is also of interest in forensic odontology. Several authors have reported that teeth tend to darken with age [2, 9, 10] . Moreover, estimation of the age of a deceased individual can be of great importance in identification cases. Morphological, histological and biochemical methods based on degenerative changes in the teeth have been developed to establish chronological age. Because of their reliability, morphological changes in teeth form the basis of some of the most common methods to estimate age in forensic cases.
In analyses of morphological dental changes to estimate an individual's age, and in the multiple regression models developed for this purpose, dental color is one of the Forensic Science International 132 (2003) [57] [58] [59] [60] [61] [62] variables that makes a significant contribution to the results. In the method for dental age estimation suggested by Solheim [11] , who proposed 10 formulas for different teeth, dental color contributed to 7 of these formulas. In addition, changes in tooth color have been observed in human populations of different postmortem intervals [12] .
Nevertheless, the use of tooth color for age estimation in forensic odontology is limited by difficulties with objective measurements. The most common method to estimate dental color is to compare color in the specimen with dental shade guides [13] . In an attempt to develop a more objective method, we used a spectroradiometry technique to measure dental color changes in order to avoid the bias inherent in observer subjectivity, and assessed the efficiency of this method.
Of particular interest are differences in dental color depending on the condition of the body and the postmortem interval. Therefore, this study also investigated differences in dental color depending on postmortem interval between fresh extracted teeth and teeth obtained from human skeletal remains.
Materials and methods

Human teeth sampling and tissue preparation
Two different samples were studied. Two hundred and fifty healthy erupted human permanent teeth (sample group I), molars excluded, extracted for valid clinical reasons (periodontal disease, malocclusion or orthodontic treatment), were obtained from the Public Oral Health Services in Santa Fe (Granada, Spain) and from private dental clinics in the island of Gran Canaria (Spain). The patients were 115 women and 135 men from 10 to 89 years of age. The other population group (sample group II) was composed of 37 healthy erupted permanent teeth obtained from human skeletal remains (19 women and 18 men; age 22-82 years). The corpses had been buried in the local cemetery in Granada (southern Spain) during an interval ranging from 21 to 37 years. In all cases, we used the criteria that the tooth should be completely healthy, that is, free of cavities, endodontia, reconstruction, breakage or abnormal stains such as those that result from tetracycline. Protocols to collect samples from human subjects were approved by the corresponding Ethics Committee for Research Involving Human Subjects, and the study was conducted in accordance with the ethical standards laid down by the Declaration of Helsinki.
After extraction or removal from the skeletal remains, the teeth were placed in saline solution and sent to the laboratory for analysis. Teeth were cleaned of blood with distilled water and any attached soft tissue was carefully removed with a scalpel.
Before root dentine color was determined, the root was ground to a depth of approximately 0.5 mm to remove the cementum, then the surface was polished with fine-grade sandpaper. These procedures were always performed in the most coronal third of the distal surface of root dentine.
Dental color estimation
First, root dentine color was measured by spectroradiometry with a PR-704/pc SpectraScan spectroradiometer. To make determinations as accurately as possible, measurements were obtained under standard conditions: special chamber (model CAC 120 of Verivide), standard illuminant (D 65 ) and white standard as a reference.
Color was measured using a tristimulus value colorimetry system (X, Y, Z ) as suggested in the CIE 1931 (International Commission on Illumination) [14] . From these values, chromaticity coordinates (x, y, z) of each sample were calculated as follows:
; candela/square meter) was also measured and luminance factor (Y rel ) was calculated as follows:
, where Y is the luminance for the sample and Y n is the luminance of the white standard.
To evaluate the whiteness and yellowness of teeth, whiteness (WIC, Z% and WI) and yellowness (YI) indexes were calculated as proposed by the CIE (WIC, Z%) [14] and ASTM (WI, YI) [15] with the formulas:
where x and y are the chromaticity coordinates for the sample measured, x n and y n are the chromaticity coordinates of the white standard, Y rel is the luminance factor, Z is the tristimulus Z of the sample, and Z n the tristimulus Z of the white standard.
To establish the usefulness of the classical method for dental color estimation a representative sample from both sample groups (90 teeth from sample group I and 37 from group II) was studied. Root dentine color was estimated by comparison with a dental shade guide (Kerascop, Ivoclar ) as proposed by Solheim [13] with modifications. To minimize the bias inherent in observer subjectivity, the tooth was placed inside a black box and only the surface of the root where color was to be estimated was observed. All color determinations were performed under the same experimental conditions using a special chamber with a standard illuminant (D 65 ).
The depth of coloration of the dentine surface was scored on a 5-grade scale as follows: Grade 1, white color similar to that of a newly erupted tooth (nos. 01 and 03, Kerascop scale); Grade 2, somewhat darker (nos. 1A and 2A, Kerascop scale); Grade 3, yellow (nos. 1C, 2B and 1D, Kerascop scale); Grade 4, dark yellow (nos. 1E, 3A and 2C, Kerascop scale); Grade 5, very dark yellow or brown (no. 2E, 3E and 3C, Kerascop scale).
Finally, color from the dental shade guide was estimated by spectroradiometry.
Statistical analysis
Data were exported to an Excel spread sheet and statistical analyses were performed using the SPSS (version 8.0) for PCs. Linear regression analysis was used to find correlations between age and continuous variables obtained by spectroradiometry. Estimates of associated error of calibration were calculated [16] . Finally, multivariate analysis with linear regression was done. A variable was included in the model if it was associated with a significant difference of P < 0:05, and was excluded if the error level was P > 0:10. The final model thus included only the most relevant variables.
The differences in spectroradiometric variables between fresh extracted teeth and teeth from human skeletal remains were tested for significance with Student's t-test. One-way analysis of variance and subsequent pair-wise comparisons with the Bonferroni method were used when appropriate.
Results
Differences in dental color depending on the postmortem interval were studied by comparing fresh extracted teeth versus teeth obtained from human skeletal remains. Table 1 presents a descriptive analyses and indicates the significant differences in spectroradiometric color measurement variables according to sample source. All variables were significantly different except for WI and YI. The chromaticity coordinates x and y were greater in teeth from human skeletal remains than in fresh extracted teeth. However, Significant differences between men and women were: * P < 0:05, ** P < 0:01, *** P < 0:001. a Values represent mean AE standard deviation for Group I (fresh extracted teeth) and Group II (teeth from human skeletal remains) for women and men. The number of cases in each group is given in parentheses for each variable. For an explanation of the variables see footnotes to Table 1 and Section 2. the chromaticity coordinate z, luminance (Y ), and WIC and Z% indexes, were higher in fresh extracted teeth than in teeth from human remains ( Table 1) . As a consequence, each sample group will be discussed separately.
In addition, differences in color measurement variables were analyzed according to individual factors such as sex and age. Table 2 summarizes the descriptive statistics for the variables measured by spectroradiometry in both samples groups according to sex. For the group of fresh extracted teeth, significant differences were found between men and women for chromaticity coordinates x and z, and YI. In teeth from human skeletal remains, WI was significantly different between men and women.
To establish the relationship between age and dentine color measured by spectroradiometry, different linear regression models were tested using age as the dependent variable. Table 3 summarizes the linear regression equations for each colorimetric variable for fresh extracted teeth. Correlation coefficients and standard error of the estimate in years for each equation are also shown. All variables fit the mathematical model, with correlation coefficients ranging from 0.53 to 0.75. The highest value was obtained for WIC. Stringent calibration of the linear model for WIC to account for errors in the estimates showed that this method produced an expected associated error of calibration averaging 13.7 years about the mean estimated values, at a 70% level of confidence.
When teeth from human skeletal remains were analyzed, the variables that fit the linear model, using age as the dependent variable, were: y (R ¼ 0:40; standard error ¼ 14:4 years; P < 0:05); z (R ¼ 0:33; standard error ¼ 14:8 years; P < 0:05); WI (R ¼ 0:36; standard error ¼ 14:6 years; P < 0:05); and YI (R ¼ 0:34; standard error ¼ 14:7 years; P < 0:05).
Finally, two different multiple regression models for age estimation were tested, including in each model variables that showed no association. Model 1 included the variables chromaticity coordinates (x, y, z) and luminance (Y ); whereas model 2 included the variables WIC, Z% and YI. Table 4 summarizes the results obtained with these multiple linear regression methods.
We also compared dental color estimates in actual samples with specimens in a dental shade guide. Fig. 1 shows samples from fresh extracted teeth grouped according to the score on a 5-grade scale (as described in Section 2) and their corresponding chronological age. Comparisons between color grade and age detected significant differences (F exp ¼ 45:578; 4.85 d.f.; P < 0:001) between color grades 1, 2 and 3 (age range 12-37 years) and 4 and 5 (age range 55-64 years). When dental color from human skeletal remains was estimated using this scale-comparison method, no significant differences were found between color grades and age.
Discussion
The main objective of this study was to develop a new, objective method for estimating dentine color to calculate the age of an individual. Estimation of tooth color by comparison with a dental shade guide has been used extensively by forensic odontologists, since changes in color with aging have been described [2, 9, 10] . The results obtained in this study are in agreement with previously published results [13] . When dentine color was estimated in fresh extracted teeth with the comparison method, differences in mean age were found from color grades 1 to 3 and 4 to 5 (Fig. 1) . Color grades dark or very dark yellow and brown were significantly associated with an average age of more than 55 years.
These findings raise two interesting questions. Is it possible to develop a more objective method to measure dental color? If so, could such a method be used routinely to estimate the age of an individual? Secondly, do individual a n ¼ 250; significance level P < 0:0001. b The independent variables in the equations are described in Section 2. factors such as postmortem interval, sex or type of tooth influence age-related color changes? Although the method of dental color estimation by comparison is easy to use, subjectivity in color estimation is a major potential limitation. Nevertheless, the measurement of dentine color by spectroradiometry provides objective values for chromaticity coordinates, luminance factor, and other related indexes in accordance with CIE recommendations that guarantee the reproducibility of the technique. Reproducibility is further assured by the use of a white standard as a reference and the same standard conditions for all measurements.
Another area of debate is the accuracy of the color comparison method. To establish matches between the color of the shade guide and the actual color of dentine from samples, color was determined spectroradiometrically in both sample groups. Fig. 2 shows the values of chromaticity coordinates x and y, and the luminance (Y ), for fresh extracted teeth and the dental shade guide. It is noteworthy Fig. 1 . Relationship between age and color estimated by comparison with a dental shade guide for fresh extracted teeth. Fig. 2 . Chromaticity coordinates x and y, and luminance for fresh extracted teeth and the dental shade guide.
that luminance was higher in fresh human dentine than in the dental shade guide, therefore the dental shade guide is darker than root dentine samples. In addition, the chromaticity coordinate y was higher in actual samples than in the shade guide for equal values of the chromaticity coordinate x. These results show that the dental shade guide used to determine dentine color is not accurate.
It is important to analyze the relationship between changes in color measurements obtained with spectroradiometry and aging. Correlations between color variables and the individual's age at extraction or at death were calculated for each sample group. When dentine color from fresh extracted teeth is measured by spectroradiometry and colorimetric variables are obtained, chronological age can be estimated using the linear regression equations in Table 3 .
Multiple regression models for dental age estimation from color variables measured by spectroradiometry were developed (Table 4) . Predictor variables included in each model were those that showed the strongest association with age. The variables included in both multiple regression models are able to explain approximately 60% of the variation in age estimation. Any of the formulas proposed could be used to estimate age in an actual case with a similar standard error in years (approximately 11.5 years).
Finally, the potential influence of individual factors such as sex or type of tooth on the two models developed here to calculate age was analyzed. Teeth were grouped according to anterosuperior, anteroinferior, posterosuperior and posteroinferior location. Multiple regression models failed to detect any statistical associations for sex or type of tooth (result not shown). Therefore, the possible influence of these factors on color changes did not appear to affect the formulas for age calculation.
A separate group of cases was used to study the effect of postmortem interval (ranging from 21 to 37 years) on tooth color and its influence in age estimation. Unfortunately, comparisons between color grade and age did not show any significant differences. Moreover, when dentine color from human skeletal remains was studied by spectroradiometry, a weak correlation between age and colorimetric variables was detected. More research should be done along this line, and cases with a shorter postmortem interval (from months to 20 years after death) should be included.
We conclude that spectroradiometry may be an objective and useful tool to determine dentine color, and may provide forensic odontologists with a complementary method to calculate the chronological age in recent corpses. Moreover, determination of dentin color by spectroradiometry could be used in combination with other morphological methods in order to improve the accuracy to estimate the age.
